STUDY QUESTION: Are the mean numbers of blastocysts obtained from sibling cohorts of oocytes recruited after follicular phase and luteal phase stimulations (FPS and LPS) in the same ovarian cycle similar? SUMMARY ANSWER: The cohorts of oocytes obtained after LPS are larger than their paired-FPS-derived cohorts and show a comparable competence, thus resulting in a larger mean number of blastocysts.
Introduction
The worldwide prevalence of primary and secondary infertility are estimated at~2% and 10.5%, respectively, among women aged 20-44 years and attempting to conceive (Mascarenhas et al., 2012) . These women may enter an IVF program and be classified as poor prognosis patients for several distinct causes (e.g. advanced maternal age, low ovarian reserve), and proper tailoring of the ovarian stimulation protocol to maximize the number of oocytes collected represents a crucial step for them to eventually conceive (Briggs et al., 2015; Drakopoulos et al., 2016) . In this scenario, the enhancement of validated oocyte and embryo cryopreservation protocols has represented a game-changer for the management of in vitro fertilization (IVF) treatment, thereby paving the way to the introduction of a cycle segmentation strategy. In fact, oocytes and embryos may be safely cryopreserved and consecutive frozen-warmed embryo transfers (ET) can be performed on a non-stimulated endometrium during a following uterine cycle (Devroey et al., 2011; Evans et al., 2014) . In this context, the target number of oocytes to retrieve and the related ovarian stimulation protocol required should consider all the factors that may affect oocyte quality (Meldrum et al., 2016) , among which maternal age has the highest impact (Hassold and Hunt, 2001; Heffner, 2004) . In the attempt to properly balance oocyte quantity and competence, a model has been recently proposed by a panel of experts, known as the POSEIDON (Patient-Oriented Strategies Encompassing IndividualizeD Oocyte Number) group (Poseidon et al., 2016) . These specialists, starting from the evidence that blastocyst culture and aneuploidy testing provide efficient criteria to predict embryo competence and conduct embryo selection (Dahdouh et al., 2015; Glujovsky et al., 2016) , have claimed that the short-term goal of ovarian stimulation should be the production of at least one euploid blastocyst after IVF.
In the last decade, a novel ovarian stimulation protocol has been introduced in IVF: double stimulation in the same ovarian cycle (DuoStim) (Kuang et al., 2014; Ubaldi et al., 2016; Vaiarelli et al., 2017) . This approach, by combining conventional follicular phase stimulation (FPS) with a stimulation conducted also in the luteal phase (LPS), provides the unprecedented opportunity to increase the cohort of oocytes retrieved in a single ovarian cycle and, as we suggested in a recent proof-of-concept study (Ubaldi et al., 2016) , the chance to identify at least one euploid blastocyst. Similarly, a random-start approach has long been used for urgent fertility preservation needs (e.g. in cancer patients) (von Wolff et al., 2009; Sonmezer et al., 2011; Nayak and Wakim, 2011; Cakmak et al., 2013) and an LPS-only protocol has been also proposed (Buendgen et al., 2013; Martinez et al., 2014; Wang et al., 2016; Li et al., 2016) in IVF.
Intriguingly, the ability to retrieve metaphase II (MII) oocytes from the luteal phase has provided important evidence to question the classic theory of human reproductive biology claiming that oocytes can be collected only after FPS. Indeed, at present, novel theories have been developed suggesting that multiple follicular waves can arise during an ovarian cycle and anovulatory follicles may also be exploited to maximize the yield in terms of oocyte retrieval. Nonetheless, LPS-derived oocytes still need to be thoroughly characterized biologically and clinically to outline the safety of DuoStim, random-start and LPS-only approaches. In fact, only limited, and mainly retrospective, data have been published to date of investigations into the equivalence (in terms of both quantity and quality) of FPS-and LPS-derived cohorts of oocytes, as underlined by Boots et al. (2016) in their review and metaanalysis.
In this study, we defined the mean number of blastocysts produced per oocyte retrieval after paired-FPS and LPS conducted in 188 poor prognosis patients undergoing DuoStim and preimplantation genetic testing for aneuploidies (PGT-A) at two IVF centers (Rome and Naples, Italy). This intra-patient paired design allowed us to exclude any putative confounder upon the primary outcome as well as to provide an unbiased overview on the competence of LPS-derived oocytes in comparison to FPS-derived oocytes from the same ovarian cycle; rates of fertilization, blastocyst development and euploidy per oocyte retrieval were included together with preliminary clinical outcomes after single euploid blastocyst transfer.
Material and methods

Study period, population of patients and design
This is a paired case-control study on sibling cohorts of oocytes conducted between October 2015 and December 2017 at two IVF centers in Italy (Rome and Naples). All consecutive consenting patients who underwent a DuoStim protocol with PGT-A were candidates to be included. The DuoStim approach was proposed, after extensive counseling, to poor prognosis women defined according to the following criteria: anti-mullerian hormone (AMH) ≤1.5 ng/ml and/or antral follicle count (AFC) ≤6 and/or ≤5 oocytes retrieved from a previous cycle and/or ≥35 year (at least two out of these conditions should have been satisfied). Patients whose male partner was azoospermic were excluded, since azoospermia may have per se an impact upon embryo developmental competence (Mazzilli et al., 2017) . Patients who did not respond to either FPS or LPS were included as stimulation cycles resulting in zero oocytes retrieved. The paired design prevented the risk of confounders upon the outcomes of the study. Likewise, after oocyte retrieval, the same media and incubation system was adopted to conduct blastocyst culture for FPS-and LPS-derived inseminated MII oocytes. The Institutional Review Board of the clinics approved the study.
Ovarian stimulation and IVF procedures
All consenting patients underwent a DuoStim protocol. Luteal estradiol priming (4 mg/die of estradiol valerate, Progynova, Bayer, Germany) was performed in the previous menstrual cycle ( Reynolds et al., 2013) . After the scan and basal assessment of the ovaries, FPS was started on Day 2 of the menstrual cycle with a fixed dose of rec-FSH (300 IU/die; Gonal-F, Merck-Serono, Germany; Puregon, MSD, USA) and rec-LH (75 IU/die; Luveris, Merck-Serono) for 4 days. Follicular growth was monitored on Day 5 and then every 2 days. GnRH antagonist (cetrorelix, Cetrotide, Merck-Serono; ganirelix, Orgalutran, MSD) was administered daily after the identification of a leading follicle with a diameter ≥13-14 mm and until the day of ovulation trigger (conducted with a single subcutaneous bolus of buserelin at the dose of 0.5 ml; Suprefact, Hoechst Marion Roussel, Germany), namely when at least two follicles reached a diameter ≥17-18 mm. Oocyte retrieval was performed 35 h after the trigger. After 5 days from the first retrieval, namely when complete luteolysis is attained (Fatemi et al., 2013) , LPS was started with the same protocol and the same daily dose as FPS, regardless the number of antral follicles counted at the scan. In case of no response to the FPS, the LPS was started between the 18 th and the 20th day of the same ovarian cycle.
The procedures for oocyte retrieval, intra-cytoplasmic sperm injection, embryo culture, trophectoderm biopsy and vitrification have been described in detail previously (Rienzi et al., 1998; Cobo et al., 2008; Capalbo et al., 2014; Ubaldi et al., 2015) . Briefly, cumulus-oocyte complexes were collected from the follicular fluid after transvaginal ultrasoundguided aspiration, and cultured in continuous single culture media (CSCM, Irvine Scientific, Australia) in a controlled humidified atmosphere (37°C, 6%CO 2 and 5%O 2 ) for 2-3 h. Then, they were denuded in Hepesbuffered medium (Irvine Scientific) and inseminated. Fertilization was assessed 16-20 h after insemination, by the presence of two equally-sized pronuclei. Embryo culture was conducted in single 25-μl micro-drops of CSCM in a benchtop incubator (MINC, Cook Medical, USA) in a controlled humidified atmosphere up to the fully-expanded blastocyst stage (Day 5-7). Trophectoderm biopsy was performed through a method that does not entail any hatching procedure at the cleavage stage, since laserassisted zona opening and trophectoderm fragment retrieval were conducted sequentially. All embryos that developed as viable blastocysts were biopsied, independently of their morphological quality and/or day of fullexpansion. Vitrification was performed after trophectoderm biopsy on collapsed blastocysts through Cryotop devices and solutions (Kitazato BioPharma Co., Japan).
Comprehensive chromosomal testing was conducted by quantitative polymerase chain reaction according to a protocol published by Treff et al. (2012) , and validated in our lab in the following study . The method was designed to specifically identify constitutive whole-chromosome but not segmental aneuploidies.
After warming, only single euploid blastocyst transfers were performed. Endometrial preparation and transfer procedures were described previously .
Outcome measures, sample size and statistical analysis
The primary outcome measure was defined as the mean number of blastocysts obtained per oocyte retrieval after FPS versus paired LPS. The sample size was calculated to determine a significantly different mean number of blastocysts produced per stimulation at a level 5% (power = 90%; α = 5%). The software G*power v3.1 was used to this end and the following settings were adopted: a priori required sample size computation for a Wilcoxon signed-rank test (matched pairs), given a 0.9-power, a 0.05-alpha error probability and 0.27 effect size. Thus, 165 matched pairs were required.
The secondary outcome measures were the mean number of MII oocytes and euploid blastocysts, as well as the mean blastocyst and euploidy rates per oocytes retrieval among the paired-cohorts of oocytes collected.
At last, we monitored the clinical outcomes after the euploid frozen single blastocyst transfers conducted to date. Clinical pregnancy was defined from ultrasonographical evidence of a gestational sac with fetal heartbeat. A pregnancy loss earlier than the 22nd gestational week was considered a miscarriage. The clinical pregnancy rate was calculated upon the number of transfers performed, the miscarriage rate was calculated upon the number of clinical pregnancies and the ongoing-pregnancy rate (>22 weeks) was calculated again upon the number of transfers performed (Zegers-Hochschild et al., 2017a , 2017b .
All data were collected in a relational database (Fertilab Manager, FLM, Italy). Categorical variables are presented as percentages with 95%CI. Continuous variables are presented as mean ± standard deviation and range. Shapiro-Wilk tests were conducted to investigate whether the data followed a normal (Gaussian) distribution. Wilcoxon signed ranks tests for related samples were performed to investigate putative differences among the two paired arms of the study.
The rate of patients producing blastocyst(s) only after FPS, only after LPS, after both FPS and LPS, or after none of the stimulations were calculated and then compared through a McNemar's test.
The software R was used for statistics.
Results
During the study period, 188 poor prognosis women underwent DuoStim and PGT-A. Among them, 7 (3.7%) and 11 (5.9%) patients did not respond to FPS and LPS, respectively, and were included as stimulation cycles resulting in zero oocytes produced. Therefore, of the 188 couples under investigation, 170 couples collected at least one oocyte from both FPS and LPS (Fig. 1) . This sample size outnumbers the one required (see Material and methods section). Supplementary  Table S1 outlines the patients' population. Of note, the mean maternal age was 40.0 ± 2.9, the AFC was 5.0 ± 2.5, the AMH was 0.9 ± 0.6 and they had already undergone 1.0 ± 1.3 previous IVF cycles. On average, FPS was 1 day shorter than LPS (10.1 ± 1.9 vs. 11.0 ± 1.9; P < 0.01) and the total dose of rec-FSH (3039.8 ± 558.9 IU, 2100-4500 vs. 3288.1 ± 584.8 IU, 2100-4500; P < 0.01) and gonadotrophins in general (3799.7 ± 698.7 IU, 2625-5625 vs. 4110.2 ± 731.0 IU, 2625-5625; P < 0.01) was significantly lower. However, the two lengths were not correlated (R = 0.14, P = NS) with 27.1% (n = 46/ 170) and 54.7% (n = 93/170) of the patients responding to both stimulations undergoing a longer FPS or LPS, respectively. The number of vials of antagonist administrated was similar between FPS and LPS, namely 3.9 ± 0.9 (3-6) and 4.0 ± 1.0 (3-7), respectively.
Overall, 684 and 804 MII oocytes were retrieved after FPS and LPS, respectively. On average, significantly fewer oocytes were collected after FPS than after LPS (3.6 ± 2.1 vs. 4.3 ± 2.8, P < 0.01) and the two sets of data were significantly correlated (R = 0.5, P < 0.01) (Table I) . Of note, the mean blastocyst rate per oocyte retrieval was similar among the two paired groups (33.1% ± 30.3% vs. 37.4% ± 30.8%, P = NS). Therefore, due to the lower mean number of MII oocytes collected, also fewer blastocysts on average were obtained after FPS than after LPS (1.2 ± 1.1 vs. 1.6 ± 1.6, P < 0.01; primary outcome of the study). Interestingly, both the blastocyst rate and number of blastocysts obtained did not show any correlation among FPS and LPS, suggesting that the two cohorts of oocytes retrieved are equivalent from a global analysis but uncorrelated from an intra-patient analysis of each DuoStim cycle (Table I) . At last, the mean euploid blastocyst rate per oocyte retrieval among the two paired study groups was similar (13.6% ± 22.8% vs. 16.3% ± 23.4%, P = NS) and did not show any correlation (R = 0.08, P = NS) (Table I) . This resulted in a slightly lower, yet significantly different, mean number of euploid blastocysts obtained after FPS than after LPS (0.5 ± 0.8 vs. 0.7 ± 1.0, P = 0.02) ( Table I) .
The mean blastocyst rates per oocyte retrieval were also shown according to ranges of MII oocytes collected after FPS and LPS (1-4 or 5-10). Supplementary Figure S1 displays the results of this sub-analysis, which involved 109 out the 188 patients (58.0%) included in this study, namely those women achieving a similar ovarian response between FPS and LPS. In the groups of patients collecting 1-4 MII oocytes after both FPS and LPS (n = 76 patients), the mean blastocyst rates were, respectively, 34.3% ± 34.1% versus 40.7% ± 35.4% (z = −1.18, P = NS); in the group of patients collecting 5-10 MII oocytes after both FPS and LPS (n = 33 patients), the mean blastocyst rates were, respectively, 25.3% ± 17.5% versus 36.4% ± 23.0% (z = −2, P = NS).
Overall, 6.9% (n = 13/188, 95%CI: 3.9-11.8) of the patients did not obtain blastocysts after DuoStim. Conversely, among the patients who obtained blastocyst(s) after FPS and/or LPS, the McNemar's test highlighted a significantly lower chance in the former rather than in the latter: 127/188, 67.6% (95%CI: 60.3-74.1) and 145/188, 77.1% (95%CI: 70.3-82.8; P = 0.05), respectively ( Supplementary Table SII ).
To date, 66 (from 56 patients) and 65 (from 58 patients) single euploid frozen blastocyst transfers have been performed after FPS and LPS, respectively. The clinical outcomes in terms of clinical pregnancy, miscarriage and ongoing-pregnancy (>22 weeks) rates were comparable between FPS-and LPS-derived euploid blastocysts. Specifically, the ongoing-pregnancy (>22 weeks)/delivery rates were 42.4% (n = 28/66) and 53.8% (n = 35/65, P = NS), respectively ( Supplementary  Table SIII ). To date, 17 FPS-and 23 LPS-derived healthy babies have been already delivered (Fig. 1) and did not show any peri-natal or post-natal severe complication/malformation. Specifically, the mean gestational weeks after FPS-and LPS-derived pregnancies were 38.3 ± 1.0 (range 37-40) and 37.8 ± 1.6 (34-41), respectively (P = NS); one and two cases of gestational diabetes were reported, respectively; the mean birth weights of the newborns were 3390.0 ± 483.3 g (2840-4300) and 3284.0 ± 489.4 g (2400-4152), respectively (P = NS); and the mean lengths of the newborns were 50.0 ± 1.2 cm (48-52) and 50.7 ± 2.2 cm (47-56), respectively (P = NS).
Discussion
In this study, we provided evidence that on average more MII oocytes can be retrieved after LPS than after FPS conducted in a DuoStim approach in poor prognosis patients. LPS-derived embryos then showed similar competence as FPS-derived ones. Therefore, a higher probability of obtaining at least one blastocyst, as well as a higher mean number of blastocysts produced, was reported from LPS-than FPS-derived cohorts of oocytes. Of note, although the mean number of MII oocytes collected showed a significant correlation between FPSand LPS-derived cohorts, their blastulation and euploidy rates were clearly unrelated. The two cohorts were globally-equivalent in terms of competence, but they were mostly independent in an intra-patientbased analysis (correlation between FPS and LPS in the same ovarian cycle).
Dealing with the number of MII oocytes collected, the correlation between the ovarian response after FPS and LPS outlines a patientspecific pattern. Therefore, the multi-marker evaluation of the ovarian reserve (Al-Azemi et al., 2011) may have a comparable power on both FPS and LPS. This evidence then supports our practice of disregarding the AFC performed before LPS, since it might be highly correlated with the AFC as conventionally performed before FPS (Massin et al., 2015) . Furthermore, the presence of multiple corpora lutea before LPS impacts the intra-and inter-operator variability and compromises the reliability of the AFC.
A significantly higher number of oocytes collected after LPS than after FPS has already been reported from previous studies (Kuang et al., 2014; Liu et al., 2017) . The higher number may have been influenced by the DuoStim approach itself, since LPS is conducted soon after FPS is ended. Therefore, the high level of estradiol and progesterone reached after FPS may synchronize the cohort of antral follicles that will grow during LPS, as well as boost the proliferation of FSH receptors in their granulosa cells (Fanchin et al., 2003a (Fanchin et al., , 2003b Reynolds et al., 2013; Messinis et al., 2014) , resulting overall in a better response to the stimulation. Of note, the DuoStim protocol used here entailed estradiol priming also in the luteal phase preceding FPS, thus limiting this putative bias. In general, however, FPS may positively affect the subsequent LPS modifying the ovarian micro-environment. For instance, in animal models, an increase in angiogenic factors has been suggested due to the hormonal status after FPS above physiological levels. This may, in turn, enhance the sensitivity of the granulosa cells to FSH within the follicles recruited in the anovulatory wave (Macchiarelli et al., 2006) . Another hypothesis for a better ovarian response after LPS in a DuoStim approach is a possible flare-up effect derived from the GnRH agonist trigger in the FPS, which might induce a down-regulation in the expression of AMH in the follicles from the anovulatory wave, thereby increasing the number of follicles with a 3-4 mm diameter recruited in the LPS (Yang et al., 2013) . However, all these speculations must be confirmed, as well as the role of endocrine and paracrine factors better unveiled, to understand the mechanisms modulating the recruitment of follicles growing in the anovulatory wave of the ovarian cycle. Previous investigations have also reported a generally higher mean number of MII oocytes after LPS-only stimulation protocols compared to conventional FPS (Wang et al., 2016; Li et al., 2016) , supporting a better response in the luteal phase per se. Still, the design of those reports is limited not only by their retrospective nature but also by the lack of an internal paired control, which is intrinsic to the application of DuoStim.
The core evidence of this study is the overall equivalence in terms of mean blastocyst rate per oocyte retrieval after FPS and LPS, which, due to the higher number of MII oocytes collected, resulted in a higher number of blastocysts produced after the latter phase of the same ovarian cycle. This paired design allowed us to outline a feature which might be pivotal to support the clinical use of oocytes collected from waves arising in the luteal phase, a reproductive option valuable not only for poor prognosis patients undergoing IVF, but also for oncological patients requiring an urgent stimulation for fertility preservation purposes.
These data suggest that existing high progesterone levels during ovarian stimulation do not impact oocyte (and possibly embryo) .. ........................................................................................................................................................................................... competence, as already suggested by a review recently published (Massin, 2017) . Furthermore, they fit in an international debate on the basics of human folliculogenesis with direct clinical implications. To date, three theories of follicle recruitment have been postulated and elegantly synthesized by Baerwald et al. (2012) : (i) the continuous recruitment theory, according to which follicles start growing and regress continuously during the inter-ovulatory interval and the dominant one is randomly chosen after luteal regression; (ii) the single recruitment episode theory, according to which a single cohort of follicles starts growing following luteal regression, among which the dominant follicle is selected and (iii) the wave theory, according to which at least two cohorts of antral follicles are recruited per ovarian cycle, and the dominant follicle originates only from the major (or ovulatory) wave. Here, the absence of correlation between the average competence of the MII oocytes recruited by each patient from the follicular and the luteal phase of the same ovarian cycle suggests that the two cohorts are independent. Furthermore, the possibility of producing euploid blastocysts in either of the two phases of the ovarian cycle suggests that non-dominant follicles could be competent and develop following a random fashion. In other words, possibly the dominance of a follicle does not automatically mirror its competence. These two pieces of information add some clues in favor of both the continuous recruitment and the wave theories of follicle development and certainly prompt future investigations on such an intriguing topic, which may revolutionize the way we currently conceive human ovarian physiology.
More studies need to be conducted in the future, not only in populations of poor prognosis patients, to confirm the safety of LPS, in terms of ovarian (and follicular) environment as well as clinical, peri-natal and post-natal outcomes. Here, we showed preliminary data suggesting a similar ongoing implantation/delivery rate (>22 weeks) between FPSand LPS-derived euploid blastocysts, that will be extended in the future together with a constant monitoring of their related peri-natal and post-natal outcomes. In this regard, in 2015, Chen et al. (2015) compared the data from 587 live births resulting from LPS versus conventional stimulation protocols. The authors supported that there is no difference in terms of gestational age, birth weight, length and congenital birth defects. Yet, their study was retrospective and lacked a proper control. Therefore, more evidence should be provided from future investigations.
Conclusion
This study provides evidence that the follicles recruited during the anovulatory phase of the ovarian cycle may be rescued through LPS. Of note, LPS-derived cohorts of oocytes were also larger than paired-FPS-derived cohorts and the oocytes showed comparable competence. These data support the putative benefits of LPS in poor prognosis and oncological patients. Furthermore, they encourage additional clinical and basic research studies on this topic, which may revolutionize the basics of human folliculogenesis, as well as the future concept of approaches to ovarian stimulation in IVF.
